Introduction
The flow non-uniformity in a microstructured reactor can be divided into gross and channel-to-channel non-uniformity [1] . The latter is caused by manufacturing tolerances [2] , the differences in the thickness of catalytic layers and the local temperature differences in the microchannels, which change the physical properties of the fluid [3] . However, usually such differences do not exceed 5%. On the other hand, the gross flow non-uniformity is mainly associated with the poor design of the header configuration, or with the improper choice of the drag coefficient of the flow distributor. Especially at low Re numbers (0. , which are often observed in microreactors, the ratio of the maximum flow velocity to the minimum flow velocity in different channels can be as high as 2. It has to be mentioned that there is a clear difference between planar 1 Author to whom any correspondence should be addressed.
(or thin-walled) and three-dimensional (thick-walled) screens. The former does not have guiding walls while the latter consists of a number of thick bars, whose thickness in the direction of the fluid flow equals or exceeds the spacing between them. A planar screen cannot ensure a uniform velocity distribution when the ratio of open cross-section of the screen is by an order of magnitude larger than that of the inlet pipe [4, 5] , which is a common case in microreaction technology. The application of planar screens can even amplify their flow non-uniformity downstream, giving to the flow profile a distribution, which is directly opposite to that of the distribution upstream of the screen. This problem does not exist in the case of thick-walled screens, as the degree of velocity equalization is virtually the same at all cross-sections downstream from them [6] .
The literature on the design of the geometry of either an upstream (diffuser) or downstream (confuser) thick-walled screen for different structured applications is scarce. An outlet Parameter a is the minimum length between two neighboring downstream channels, parameter b is the distance in cross-sectional view between a top wall of the first downstream channel and a side wall of the upstream channels. Parameter c is the width of the upstream channels. Parameter d is the height of the downstream channels. Parameter h is the distance between the neighboring upstream channels. Parameters l up and l dwn are the lengths of upstream and downstream channels of the screen, respectively. Parameters a1 and a2 are the distances in the x-and y-directions, respectively, between the channels of the microreactor (R) connected to the downstream channels of the header. Parameters d1 and d2 are the dimensions of the reactor channels in the x-and y-directions, respectively. d1 is usually equal to or slightly lower than distance d, so the distance in the vertical direction between the channels in the microreactor (a1) is equal to or slightly higher than distance a.
diffuser system consisting of capillary elements, which can be regarded as thick-wall screens, is described in [7] . This system is used for improving the performance of combustion engines. Another geometry comprising a thick-walled screen is proposed for distributing the fluid flow from one flow crosssection to a different flow cross-section in a funnel-shaped tubular header [8] . In this header, a plate having a multiplicity of parallel passages is arranged perpendicular to the axis of the tubular header leaving free passage openings between the edge of the plate and the tubular header. The flared opening of the funnel-shaped tubular header is filled by an end plate with a multiplicity of parallel passage channels. An interfacial surface generator with mixing baffles (thin-walled screens) placed in a pipe can be applied [9] . In this design, the fluid stream is divided and recombined into flow passages which have an elongated cross-section. Another flow distributor, which consists of three functionally distinct sub-elements, is described in [10] . The first sub-element divides a fluid stream into branch streams. Then, the second sub-element expands the branch streams. Finally, the third sub-element performs the functions of contracting the branch streams, independently adjusting their flow rates and recombining them into an integrated whole. A feature of common significance is the symmetrical expansion and contraction of the divided and stacked branch streams. Two recent papers are related to the improvement of the performance of plate-fin heat exchangers operating in the turbulent mode [11, 12] . The authors studied the fluid flow maldistribution using computational fluid dynamics (CFD) simulations. Especially, the effects of the configuration of header and distributor on the flow distribution have been investigated. Numerical investigation showed that application of a two-stage distribution structure improved the flow distribution for plate-fin heat exchangers [12] .
Recently, we proposed a header consisting of a flow diffuser and a thick-walled screen consisting of upstream and downstream parallel channels for flow equalization over the cross-section of a microstructured reactor [6, 13] . The upstream section (U) comprises a set of m elongated parallel upstream channels, and the downstream section (D) comprises a set of n elongated parallel downstream channels positioned at an angle of 90 • with respect to the upstream channels ( figure 1 ). In the present geometry, parameter a is the distance between two neighboring downstream channels, and parameter b is the distance in cross-sectional view between a top wall of the first downstream channel and a side wall of the upstream channels. In other words, the value b is the overhang of the cross-section of upstream channels with respect to the crosssection of the first downstream channel. Parameter c is the width of the upstream channel. Parameter d is the height of the downstream channel. Parameter h is the distance between the neighboring upstream channels. Parameters l up and l dwn are the lengths of upstream and downstream channels of the screen respectively. d1 is the diameter of the channels in the microreactor (R) connected to the downstream channels of the header. d1 is usually equal to or slightly lower than parameter d, so the distance in the vertical direction between the channels in the microreactor (a1) is equal to or slightly higher than distance a.
Comparing to the applications mentioned above [7] [8] [9] [10] [11] the present configuration of the header is intended for operation in laminar mode with low Re numbers (Re < 10) resulting in a negligible pressure drop across the reactor. A CFD analysis was performed on this type of header [14] . The geometry of the inlet section allows us to obtain a highly uniform distribution of fluid flow at the end face of the inlet section (or to the inlet face of a downstream reactor), regardless of the fluid flow distribution profile at the inlet face of the upstream channels [6] . The approach for flow equalization in a downstream microreactor was presented by the application of a thick-wall screen, in which parameter b was adjusted in a way that function f, given by equation (1), has to be equal to unity [6] :
The Poiseuille number [15] is
where P (t) = 1−1.3553t +1.9467t 2 −1.7012t 3 + 0.9564t 4 − 0.2537t 5 , with t being the aspect ratio, i.e. t = c a+2(b+d) .
DhRe is the dimensionless length of the upstream channel, l up is the length of upstream channels, Re = νρDh η is the Reynolds number, ν = 1 A A v dA is the average velocity over cross-section A of a fluid channel, η is the fluid viscosity and D h = 4A P is the hydraulic diameter. For the screen applied:
In this approach the problem of flow equalization reduces to that of flow equalization in the first and second downstream channels of the thick-walled screen. In turn, this requires flow equalization in the corresponding cross-sections of the upstream channels (figure 2(a)), which have been modeled by rectangular and parallel plate geometries. In this way, the hydraulic conductance and the corresponding Po numbers were calculated for a rectangle with height z V 1 obtained by the topmost and bottommost portion of upstream channels merged together (figure 2(b)), and for the middle part which was considered as parallel plates with height z V 2 (figure 2(c)) [6] . The results of the CFD simulations were verified by measuring flow distribution at the outlets of the downstream channels by Laser Doppler Anemometry (LDA) as described elsewhere [16] . The experimental results showed good agreement with numerical results for a wide range of Re numbers. It was found that parameter b governs the flow behavior at the interface between the upstream and downstream channels of the screen and is responsible for uniform flow distribution. Depending on the design parameters, there exists an optimum value of parameter b, which provides the minimum flow nonuniformity below 0.2%. The approach has been successfully applied in the design of a header for uniform flow distribution in a downstream microstructured reactor [16] [17] [18] .
In this work, a design equation is proposed to calculate the optimum value of parameter b, as a function of design parameters a, c, d and the dimensionless length of the upstream channels x + up , which gives minimum flow non-uniformity in the downstream microstructured reactor. The results obtained using design equation (1) are validated by CFD analysis. The conclusions of this paper are of great significance on the improvement and optimum design of thick-walled screens applied at the upstream of the microstructured reactors for flow equalization.
Parametric study by the mathematical model of a thick-walled screen

Effect of parameter a
As parameter a increases, the b/a ratio has to be reduced to obtain flow equalization in the whole range of values of parameter a [6, 14] . Therefore, the problem can be formulated as finding an optimum fit, which minimizes the flow nonuniformity index defined as
where function f is defined by equation (1) points generated by the screen model. In their discrimination, the following criteria were applied:
The first criterion is set to minimize the flow nonuniformity in the whole range of values of parameter a. The second criterion states that at any given value of parameter a, the flow non-uniformity should not exceed 0.5%. To satisfy the constraints given by equations (4) and (5), a fitting function for the b/a ratio can be found in the form Figure 3 demonstrates two sets of f-function plots, one at the constant b/a ratio of 0.5 and the other when the fitting function given by equation (6) was applied. It can be seen that flow equipartition is achieved in the whole range of a-values for different values of parameters c and d if the b/a ratio is a function of the parameter a, and the fitting parameters P1 and P2 are properly chosen (see table 1 ). It can be seen from table 1 that parameter P1 is always 0.5, while parameter P2 depends on parameters c and, to a lesser extent, on parameter d. Therefore, the fitting function can be rewritten as follows:
b(a, c, d) = 0.5a + P 2(c, d).
Thus, it is necessary to establish the dependence of parameter P2 on design variables c, d and x + up . 
Effect of parameters c and d
Initially, parameter x + up was fixed at 5.0, corresponding to a fully developed flow in the upstream channels, and the values of parameter P2, satisfying the criteria 4 and 5, were calculated for a wide range of values of design parameters c and d: 200-800 and 200-2000 µm, respectively. In these calculations, the functional dependence of b(a) according to equation (7) was applied to reach flow equipartition in the whole range of values of parameter a of 100-1000 µm. Figure 4 shows P2 values as a function of the width of the upstream channels (c). When the d/c ratio becomes larger than 5, a linear increase of parameter P2 with increasing parameter c is observed. Based on these observations, the following fitting function for parameter P2 was chosen:
The slope of the curves (P2B) remains constant (0.167 80 ± 0.000 05) when the d/c ratio exceeds 5, whereas it slightly increases with decreasing d/c ratio. A new parameter (P3) is introduced to describe the deviation of P2 from a linear behavior at low d/c ratios. When the values generated by the screen model were fitted using equation (8) over the entire range of parameters c and d, it was found that the y-intercept (P2A) was always 0.0 ± 0.1 µm. Therefore, equation (8) can be rewritten as
Dividing both sides of equation (9) by 0.1678c, we have at a small value of parameter c of 300 µm, the P3 contribution approaches zero already at d = 1500 µm. At a larger value of parameter c of 500 µm, this happens at d = 2500 µm (not shown in figure 5 ). As parameter c increases, the minimum value of parameter d, above which the contribution of P3 to P2 (see equation (9)) can be neglected, becomes higher. However, the d/c ratio, beyond which the contribution of parameter P3 becomes negligible, remains constant and is approximately 5. The values of P3 as a function of d/c ratio become less than 0.1 µm when d/c > 5 for the whole range of values of parameter c ( figure 6 ). When the y-axis is plotted on the logarithmic scale versus d/c values, the symbols form straight lines for all values of parameter c and the slope of all curves is the same. This suggests that the fit for P3 has to be an exponential function over the entire range of d/c values:
The fitting results give almost the same P3E values of 1.020 ± 0.001 for different values of parameter c. Therefore, parameter P3E was fixed and the dependence of P3D on c was evaluated. The symbols in figure 4 represent the P3D values as a function of parameter c. The values were fitted by a second-order polynomial function within 5% accuracy:
The fitting parameters are listed in table 2. 
Effect of the dimensionless length of the upstream channels (x + up )
So far, all calculations were carried out at x + up values corresponding to a fully developed flow in the upstream channels (x + up > 5). However, often a shorter length of the diffuser upstream section can provide an even flow distribution in the downstream channels. Thus, it is of particular interest to study the dependence of P1, P2 and P3 when parameter x + up decreases. The low limit of x + up values was set at 0.4, because beyond this value, the contribution from normal velocities to the overall velocity vector becomes substantial for the set of design parameters applied in this study. As a result, such a screen may not be considered as a thick-walled screen any longer. Figure 7 shows that the dimensionless length x + up is another important parameter affecting the flow distribution in a thickwall screen. Parameter P2 increases with decreasing x + up . Therefore, as opposed to P3, the contribution of P4 is directly proportional to parameter c: Figure 8 demonstrates that the plots of P4 as a function of x + up are located very close to each other and can be generally described by the same fitting function. It should be noted that at least three fitting parameters are required to get a good correlation between the fit and model prediction within a maximum error of 3%.
In this fit, the parameters in the exponent do not depend on design parameters c and d. The regression analysis performed on four curves corresponding to the extreme values of design parameters c and d gives the values of P4X = 0.035 ± 0.001, P4E1 = -0.840 ± 0.001 and P4E2 = 0.1986 ± 0.004. Using these values, the maximum deviations of the data obtained by the screen model from the correlation given by equation (14) are 2.7% for the 1.5 < x + up < 3 range and always below 1.5% for 0.4 < x + up < 1.5 and x + up > 3. (15)). 
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Design equation
Summarizing equations (7) and (11) Table 3 gives an overview of the predictions of the fitting function given by equation (15) with the exact solutions derived from minimization of equation (3) at three different values of design parameters c, d and x + up . Table 4 presents the (16)) between the results obtained by equation (13) with the exact solution given by equation (4). relative difference in percent between the predictions obtained by the fitting function (equation (13)) and the exact solution for parameter P2 (equations (4), (5)):
It can be seen that the fitting function describes well the whole range of design parameters with the only considerable deviation of 4.2% at c = 200 µm, d = 200 µm and x + up = 0.4. Thus, it can be used for predictions of parameter P2 to design the upstream channels of a thick-walled screen.
CFD modeling of the thick-walled screen
The comparative CFD data were collected for a selected number of geometries of a thick-walled screen. In this work, the CFD code FLUENT R 6.0 was used to simulate the fluid flow distribution and pressure drops along the screens. The governing equations were the same as applied in [6] . The semi-implicit SIMPLER algorithm is used in the velocity and pressure conjugated problem. Boundary conditions applied are as follows: inlet fluid Reynolds numbers and outlet pressure are given, and no slip occurs at the wall. The convergence criterion is specified to residuals smaller than 1 × 10 -6 . The header has two symmetry planes; hence, only one-fourth of the screen was modeled. The number of mesh elements was 20 000. A mesh independency check was performed on the results of the CFD model. Figure 9 (a) shows flow non-uniformity (δ) as a function of the b/a ratio for several values of parameter a. The flow non-uniformity index is defined as
where ε j = ν j − ν, ν j is the area average velocity in the downstream channel j, ν is the mean velocity over all downstream channels. CFD results clearly indicate that there is an optimum b/a ratio, which corresponds to a minimum of flow non-uniformity of 0.18-0.20%. In turn, the optimum ratio shifts to the higher b/a values by decreasing the distance between the downstream channels (a). Symbols in figure 9 (b) show the optimum b/a ratios as a function of the distance between downstream channels. To investigate the effect of parameter c, three different geometries were studied at a = 400 µm. The numerical results were found to be in good agreement with the predictions obtained by equation (15) . Figure 9 (c) shows the safe operating range of b/a ratios in which the flow non-uniformity does not exceed 0.5%. The width of this range is rather constant (50 µm) for a distance a between 125 and 400 µm and then increases to 60 and 70 µm for a values of 500 and 750 µm, respectively. It should be noted that the width of the safe range considerably exceeds the present precision of micromachining and assembling (about 10 µm).
Strategy to design the optimum geometry of a thick-walled screen
In many cases, the space between the downstream channels (a) and the height of the downstream channels (d) of a thick-walled screen are equal to the corresponding parameters a1 and d1 of the downstream microstructured reactor ( figure 10(a) ). In some cases to reduce the production costs, parameters a and d can be equal to the width of a group of reaction channels and the space between groups of reaction channels of the downstream microstructured reactor, respectively. A group of reaction channels can comprise e.g. two horizontal sets of reaction channels. In this particular example, a is equal to a1, while d = 2d1 + a1 ( figure 10(b) ). Such a design will decrease production costs without substantial deterioration of the flow non-uniformity. However in the latter case, very precise assembling of the microreactor relative to the downstream section of the screen is required, thereby causing an increase of the overall costs. In the next step, parameters c, h and m of the upstream section have to be found. The first design criterion sets a limit on the number (m) of the upstream channels per 1 cm of length of the screen in the direction of the short edges of the upstream channels (y-direction, see figure 1 ). For the range of Re numbers of 0.5-10, eight parallel upstream channels are required per 1 cm of length for flow equalization [6] . The width of the upstream channels defines the degree of flow non-uniformity. For applications requiring a high degree of accuracy (δ < 0.2%, e.g. for screening of catalytic coatings), the recommended width of the upstream channels is between 200 and 300 µm. The width of the upstream channels of 500-800 µm is more acceptable for routine applications (e.g. a production microreactor), where a higher degree of flow non-uniformity (0.3-0.5%) is still acceptable. The sum of parameters c and h has to be 1260 µm.
To eliminate the dependence on the fluid velocity, the length of the upstream section (l up ) has to be 15 times larger than their width. However, if a small dead volume is a substantial requirement for the system, the upstream channel length can be decreased to a value as short as the spacing between two neighboring channels (h). The lower limit of l up is defined by the definition of a thick-walled screen having a thickness of the separating bars in the direction of the fluid flow larger than the spacing between them. These sections can also be effectively used for the preheating of a fluid mixture. In the latter case, the overall length (l up + l dwn ) is defined by the minimum distance required for warming up the mixture. This length can be calculated based on well-known engineering correlations [15] . In the next step, parameter b can be calculated by equation (15) .
A similar approach can be applied to estimate parameter b1, which is the distance in the xy cross-sectional view between a side wall of the downstream channels and a wall of the first reactor channel (see figure 10 ). In the case of rectangular reactor channels, the problem of flow distribution at the D/R interface ( figure 2(d) ) becomes similar to that at the U/D interface ( figure 2(a) ). Therefore, analogous to the approach described above, parameter b1 can be calculated by equation (15) , in which parameters a, c, d and x + up are substituted by a2, d, d2 and x + dwn , respectively. Here x + dwn = ldwn DhRe is the dimensionless length of downstream channels. This approach [6] can also be extended for other geometries of the microchannels (circular, oval, trapezoid, etc) to calculate the dependence of parameter P2 on the design parameters of the microstructured reactor. The dimensionless length of the screen channel (x + up ) is a function of the Re number. However, if the length of the screen channel is much longer than its hydraulic diameter, the third term in equation (15) becomes rather small. For example, at x + up of 5.0, the sum of the second and the third terms becomes 0.1683·c. Furthermore, if parameter d is substantially larger than parameter c, the fourth term in equation (15) is always much smaller compared to the first and second ones and, therefore, can be omitted. As a result, the optimum b/a value can be found by a simplified equation: b a = 0.5 + 0.1683 c a .
(18) Table 5 shows that a flow non-uniformity below 2% was obtained with the values of parameter b obtained by equation (18) . One can see that no systematic trend is observed in the deviations between maximum velocities at the various Re numbers. The higher values of flow non-uniformities are caused by small (<3%) fluctuations in the flow rate within one experimental run, rather than by the deviation from the optimum b/a ratio.
Conclusions
The residence time distribution in the channels of a microstructured device determines the performance of the device. A systematic approach is proposed to design a thick-walled screen that can be positioned upstream of microstructured devices having constraints related to flow uniformity and pressure drop. The effect of the separation between the downstream channels (a), the minimum length between the top wall of the topmost downstream channel and a side wall of the upstream channels (b), the width of the upstream channels (c), the height of the downstream channels (d) and the dimensionless length of the channels (x + ) on the flow non-uniformity in the downstream channels of a thickwalled screen was established. The approximate solution corresponding to the minimum flow non-uniformity below 0.2% can be found by minimizing the difference between the volumetric flow in the first and the second downstream channels. A strategy to design the optimum geometry for a thick-walled screen is proposed, using a functional dependence of parameter b on the design parameters of the downstream microstructured reactor.
